Aims of research. Expert validation of all proposed design solutions, development of necessary design solutions for the heightening of the Limon dam according to the ICOLD recommendations.
Introduction 1
In July 2012 the Government of Lambayeque province (Peru) invited the author of this article as an international expert and member of ICOLD to perform the expert validation of design of the heightening of concrete face gravel dam (CFGD) Limon from 43 to 82 m. The dam is the main element of project "Proyecto Especial Olmos -Tinajones (PEOT)". The hydraulic transfer scheme of 1 
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This work is licensed under a Creative Commons Attribution 4.0 International License the project includes the TransAndes water-transfer 26 km long tunnel now completed. The 82 m high Limon CFGD is located on the right bank of Huancabamba river in remote region of Andes wit very high seismicity. Maximum Credible Earthquake (MCE) with the return period T = 5000 years and A max = 0.57g corresponds to ICOLD recommendations: Bulletins 148, 122, 154, 155, 167 [1] [2] [3] [4] [5] and was much more dangerous than adopted in 2009 Brazilian design: A max = 0.39g, T ≈ 1000 years [6] .
In the first PEOT project, developed by Hydroproject Institute (Moscow) in 1982, the variant of 82 m high Limon rockfill dam with clay core ДИНАМИКА КОНСТРУКЦИЙ И СООРУЖЕНИЙ 159 was adopted for the one-stage dam construction. But later due to the political and financial problems in Peru the project implementation was delayed for 20 years and was resumed as a twostage construction by BOT scheme (build, operate and transfer to owner), proposed by Odebrecht construction company (Brazil). The company changed the Soviet design of one-stage 82 m high Limon traditional rockfill dam with clay core in favor of the two-stage CFGD (43 and 82 m high). The Soviet project of shore spillway remained unchanged.
Seepage analysis of Limon CFGD (H = 82 m) and its alluvial (40 m deep) foundation
Seepage analysis was made using the software PLAXIS 2D PlaxFlow (The Netherlands) [7] .
In figure 1 is presented the geometry of dam with zones of materials and its 40 m deep alluvial strata of foundation in channel section 10-10' and their permeability coefficients. In figure 2 is presented the finite element mesh of dam and its foundation in channel section 10. The results of the equipotential lines of total seepage heads in the rock foundation below the plastic concrete diaphragm are showed in figure 4, verifying the significant reduction of the total seepage and pressure heads in the rock foundation by effect of the plastic concrete diaphragm in foundation. Table 1 Another MCE of the Lima-Peru Earthquake accelerogram was considered also in the dynamic analysis, but its action was less dangerous than that of the Mar-Chile Earthquake accelerogram.
In figure 5 the accelerogram of Mar-Chile Earthquake normalized to the maximum acceleration of A max = 0.57g is shown. The Mar-Chile Earthquake with the return period T = 5000 years and A max = 0.57g corresponds to the recommendations of the ICOLD Bulletins [1] [2] [3] [4] [5] and was much more dangerous than adopted in previous (2009) Brazilian design: A max = 0.39 g, T ≈ 1000 years [6] .
The static and dynamic analyses of stress-strain state of Limon CFGD (H = 43 and 82 m) were made by FLAC-3D software (USA) [8] , which was estimated in ICOLD Congress (Canada, 2003) [9] as one of the best software for dynamic analyses of large rockfill dams including CFRDs. The finite element model of Limon CFGD (H = 43 and 82 m) with its foundation is shown in the figure 6. The time history of the residual horizontal (a) and vertical (b) displacements of the dam crest during the Mar-Chile Earthquake is shown in figure 15 .
The maximum horizontal and vertical displacements of the dam crest during the Mar-Chile Earthquake are, respectively, 1.5 and 1.1 m.
Results of analysis of the concrete face
These results are showed in figure16 and 17 (Limon dam, the 2 nd stage, H = 82 m). The displacements, bending moments and longitudinal forces (axial) in the concrete face are presented for action of Maximum Credible Eartquake (MCE) of Mar-Chile after filling of the reservoir up to maximum elevation (Limon dam, the 2 nd stage, H = 82 m). It's shown that the greatest influences on the concrete face is axial compression, being of lesser bending moment value, therefore, the concrete face will be in compression state. With the dimensions of concrete face, adopted forces and moments it can determine the bearing capacity and reinforcement of thick 0.55 and 0.42 m concrete face based on the diagram of interaction force-bending. Also this reinforcement is also recommended to absorb stresses due to shrinkage and thermal changes in concrete face. 
Supposed designed behavior of the concrete face of Limon dam
From the pattern of deformations the behavior of concrete face acts as a rigid wall to vibrations in the transverse direction of the valley, differs considerably from the rockfill and transition zone materials, the transverse response across the valley of rockfill dam may be limited by the relatively rigid concrete face. This may lead to tension stresses in the plane of concrete face, seismic forces transferred from rockfill to concrete face are limited by the frictional forces between the transition zone of rockfill and concrete face. Like all the water load is supported by the concrete face, these frictional forces are relatively high and therefore stresses in the plane of concrete face can be significant enough to cause local deformations or shears of concrete face slabs along its longitudinal joints. The dam deformations can cause the crack opening in concrete slabs and sliding along the crack surface and suffer oscillating movements. This behavior of Limon dam corresponds to many case studies of behavior of concrete face rockfill dams, in detail described and discussed in [10] [11] [12] [13] [14] [15] .
The main advantage of this dam with concrete face is its high resistance to erosion in case of water seepage through cracked concrete face. If the zone of materials under the concrete face has a proper particle sizes the permeability coefficient will be 10 -3 cm/s and then zone will be stable against its erosion. This eliminates the risk of high leakages developed under cracked concrete face.
Main conclusions
1. Horizontal and vertical displacements of the downstream slope after the Mar-Chile Earthquake are, respectively, 2.0-2.5 and 1-1.3 m. The maximum horizontal and vertical displacements of dam crest during the Mar-Chile Earthquake are, respectively, 1.5 and 1.1 m and after the earthquake -0.4 and 0.3 m. These displacements about two times lower than those in the previous variant 1 of the dam with the downstream slope of (V/H = 1/1.7) and the under-laying rockfill without berms.
2. In comparison with the previous variant 1 of Limon dam (H = 82 m) with the downstream slope of (V/H = 1/1.7) and the under-laying rockfill without berms this variant 2 of Limon dam (H = 82 m) with additional gravel zone with two berms on downstream slope is much more stable and safe under action of very strong MCE of the Mar-Chile Earthquake. Therefore, this variant 2 of Limon dam can be adopted in the following detailed final design of 82 m high Limon dam. 
